A completely newly designed multi-functional facility for the primary calibration of reference solar cells and the spectral characterization of all solar cell types has been developed and built at PTB. The new facility is based on the successfully applied Differential Spectral Responsivity (DSR) method that allows the determination of the absolute spectral responsivity and nonlinearity of solar cells with the lowest uncertainties. By using a tunable laser system, the new setup avoids the main problem of monochromator-based systems: the low optical power level of the monochromatic beam. Thus it enables a significant reduction of the uncertainty for the short circuit current under standard test conditions I STC of solar cells. It enables the calibration of World Photovoltaic Scale (WPVS) reference solar cells with an uncertainty of 0.4% (k = 2), the lowest value stated by any WPVS laboratory.
Introduction
Due to the high market volume of solar installations of 50 billion US dollars per year, an uncertainty of 1% in efficiency measurement causes an uncertainty of 500 million US dollars per year in the product value. Hence PTB has repeatedly been approached with the request of a lower measurement uncertainty, even though PTB -as a qualified World Photovoltaic Scale (WPVS) laboratory -already belongs to the institutes providing the lowest uncertainty for the primary calibration of reference solar cells worldwide while being traceable to the SI.
In this paper, we will present our realization of a new improved setup for the calibration of solar cells and detectors that meets the needs of industry for decreased uncertainty levels. Because a large number of calibration and testing labs worldwide are customers of PTB, a large proportion of the complete photovoltaic (PV) community will benefit from these improvements, as the starting point of their PV calibration chain is PTB.
DSR method for calibration of solar cells
The goal of a solar cell calibration is the determination of the short circuit current under standard test conditions (AM1.5G spectrum according to IEC 60904-3, 1000 W/m 2 and cell temperature of 25°C [1, 2] ). This can be performed with integral measurements under a sun simulator or under natural sunlight. In both cases the spectrum of the source, especially with the difficulty to measure its absorption lines, must be measured and taken into account [3] and this leads to additional uncertainty components. The alternative is to determine the absolute spectral irradiance responsivity and to calculate the short circuit current using the formula
In this case the exactly defined spectrum from the standard IEC 60904-3 is used directly, thus there is absolutely no measurement uncertainty concerning the spectrum. However not the irradiance E must be calculated, as it is given to be 1000 W/m 2 . The relevant current I must be determined, in other words the formula to be solved is an implicit formula. Thus I STC is determined with (3) by In the lower half the laser setup is shown (see Fig. 3 ). The beam passes a chopper before it hits an optical fiber (pulse-to-cw converter). The fiber ends at the entrance slit of the monochromator. There the spectral bandwidth of the laser is reduced (see Fig. 7 ). The exit optic homogenizes the modulated monochromatic radiation field on the solar cell. To get the same operating point as under natural sunlight, the solar cells are irradiated by a sun simulator consisting of 80 bias lamps.
iteratively evaluating the integral until the result equals 1000 W m À2 [4] . Finally the spectral responsivity under standard test conditions can be calculated directly, because at this stage I STC is known:
This spectral responsivity must be used for the calculation of the spectral mismatch correction factor. The easyto-measure differential spectral responsivity must not be used for this purpose as it would lead to wrong results.
The responsivity s is obtained by dividing the DC current I by the corresponding irradiance E and using formula (3):
Thus the responsivity s is a quotient in the I(E) diagram, while the differential responsivitys is a slope in this diagram.
Different realizations of the DSR method
The DSR method can be realized in various ways. They differ in the way in which the monochromatic light is created.
Lamp-based facility
Coupling the light of a quartz halogen lamp and a high pressure xenon lamp into a monochromator, monochromatic light in the wavelength range between 210 nm and 1900 nm can be produced [5] . While the irradiance of the bias light is about 1000 W/m 2 , the optical power of the chopped light behind the monochromator is less than 100 lW at a spectral bandwidth of 5 nm to 10 nm. In principle the bandwidth could be reduced by decreasing the width of the slits of the monochromator, but this would reduce the already low power even more. The same applies to the uniformity. A measurement with additional diffusers or at a larger distance would increase the uniformity and decrease the available monochromatic irradiance. To reduce this disadvantage, some parts of the measurement, e.g. the measurements at different bias levels, are performed close to the monochromator to increase the signal-to-noise ratio, while other parts of the measurements are performed far away from the monochromator in a uniform monochromatic radiation field. But in this case the combination of both parts leads to additional uncertainties, especially if the solar cell is nonlinear. Nevertheless for small solar cells the monochromatic irradiance is sufficient and 2 Â 2 cm 2 solar cells can be calibrated with an uncertainty of 0.5% (k = 2). Large 156 Â 156 cm 2 industrial solar cells however can only be calibrated with an uncertainty of about 1.5%. 
LED-based facility
The disadvantage of a low monochromatic power level can be solved by using high-power LEDs as a monochromatic source [6] . But the disadvantages of LEDs are the wide spectral bandwidth and the dependence of the center wavelength on the internal LED temperature.
Continuous-wave-laser-based facilities
A third approach is to use continuous wave (CW) lasers. In contrast to LEDs they are spectrally very narrowband. But this leads to the circumstance that interferences occur [7] , especially if a window or a coating is on top of the solar cell. Usually this is the case.
New approach with femtosecond (fs) lasers
To solve the problems of the above-mentioned approaches, a completely new facility for the primary calibration of reference solar cells has been designed [8] and then built at PTB. By using a tunable fs laser, the new setup (see Figs. 1 and 2) avoids the main problem of a lamp-based system: the low optical power of the monochromatic beam. The higher power of the new setup allows it to solve the subsequent problems of low monochromatic power such as: a bad signal-to-noise ratio for large solar cells at high bias radiation levels, the difficulty to reach good uniformity, the wide bandwidth of the monochromatic beam and the interpolation error when merging absolute and relative measurements, because no compromise has to be accepted and all measurements at all wavelengths and all bias radiations are absolute measurements.
The full-width-half-maximum (FWHM) of the radiation is with -values between 1 nm and 10 nm -at the same time much narrower than that of LEDs but nevertheless so wide, that no interferences appear.
Setup
The principle of the new setup is identical to the old setup in many ways: A chopped uniform monochromatic beam and sun-like bias lamps irradiate the solar cell under test. The signal produced by the solar cell under the chopped beam irradiation is measured with a lock-in amplifier and is used to determine the absolute differential spectral responsivity and therewith the current under standard test conditions. The main difference of the new setup is the source of the monochromatic light. Instead of a quartz halogen lamp or a xenon lamp, the new setup uses a tunable laser that is coupled into the monochromator via a quartz fiber (see Fig. 1 and Fig. 2) . The laser beam starts at a widely tunable mode-locked Ti:sapphire laser (Chameleon Ultra II) with a repetition rate of 80 MHz. The pulse duration is about 120 fs. Depending on the wavelength needed, the beam passes an optical parametric oscillator (OPO) and/or a second, third or fourth harmonic generator (SHG, THG, FHG; see Figs. 1 and 3) . Most of the laser components are purpose-built items that have a wider wavelength range, a higher efficiency or are better automated than the current standard components. The beam routing is done by computer-controlled mirror mounts. This enables a fully automated wavelength selection from 210 nm up to 4000 nm (without automation even from 190 nm).
Before the laser beam is coupled into a fiber it passes through a neutral density filter wheel and a chopper. A monochromator reduces the spectral bandwidth and two lenses create a uniform monochromatic irradiation at the measuring plane. Up to 80 individually switchable bias lamps create a uniform bias irradiation of up to Fig. 4 . On the left-hand side the integrated solar cell goniometer can be seen. The quartz glass entrance window of the climate chamber is located in the top right-hand corner of the image. A mirror (not shown here) on the xyz table will reflect the monochromatic and the bias beam to a solar cell inside the climate chamber. The absolute spectral responsivity at 25°C will be measured on the xyz table and the relative change due to the temperature will be measured in the climate chamber. 10 ,000 W/m 2 . The measurement plane can be tilted from À1°to 91°and rotated from À10°to 370°(see Fig. 4 ). Thus it can be used as a solar cell goniometer to irradiate the solar cell from any direction to measure a spectrally resolved angle dependence. The temperature of the solar cells is controlled by the combination of water cooling and Peltier elements.
A beam splitter reflects a small part of the monochromatic radiation behind the monochromator to a monitor photodiode. This enables a correction if the irradiance level of the monochromatic beam changes.
While the peak power of the fs pulses within the laser system must be as high as possible to enable a wide wavelength range with the help of nonlinear effects, for the calibration itself constant radiation power is necessary to enable quantitative and reproducible results that are not biased by nonlinear saturation effects of the detector. This challenge is solved by a special patented fiber design that smoothes out the pulsed signal to a cw-like signal (pulse-to-cw converter, see Fig. 5 ): The beam within the fiber bundle is divided into 100 paths with different lengths respectively. Instead of one large pulse 100 small pulses exit the pulse-to-cw converter equally distributed along the cycle duration of 12.5 ns. Hence the repetition rate is increased from 80 MHz to 8 GHz. Because in addition each of the 100 pulses is widened within the fiber and the following path through the monochromator, the signal at the exit is a nearly flat signal. More details and linearity measurements with and without the use of the pulse-to-cw converter can be found in Ref. [9] .
Results
After setting up the facility it was characterized in more detail. Power measurements were performed with the laser system in dependence on the wavelength. The results are shown in Fig. 6 . The maximum power of about 3800 mW is obtained at 800 nm. Behind the monochromator still more than 100 mW of optical power is obtained at this wavelength. The lamp-based system produces a maximum power of about 100 lW under the same bandwidth conditions. The increase of the optical power behind the monochromator is a wavelength-dependent factor between 100 and 10,000. As the signal of the solar cell does not need to be 1000 times higher in comparison to the old setup, the additional power is used to improve the uniformity of the monochromatic field (see Fig. 8 ), to increase the distance of the solar cell from the effective origin of the radiation and to decrease the spectral bandwidth of the radiation.
The spectrum of the laser radiation at one wavelength is shown in Fig. 7 . The need for a monochromator is quite evident, because the spectrum of the pulsed laser has (a) too wide a spectral bandwidth, (b) outer-band peaks, and (c) a small part of the SHG signal in the THG signal.
Thus a monochromator is needed to obtain a well-defined wavelength.
The first Laser-DSR measurements are shown in Fig. 9 . Within the reduced uncertainty the same results are obtained as with the DSR facility. 
Uncertainty analysis
The uncertainty analysis is in principle similar to the uncertainty analysis of the lamp-based DSR method. The main difference is that the uncertainty for the uniformity is significantly smaller and that there is no uncertainty for merging absolute and relative measurement. In addition, the uncertainty due to the unknown effective installation depth of the solar cell under the front window is halved, because the typical measurement distance at the Laser-DSR can be more than 2000 mm instead of about 1000 mm. The uncertainty analysis uses a detailed Monte Carlo approach and is performed for each measurement. It automatically takes into account the individual noise level of the measurement signal, the spectral responsivity of the particular test cell and the actual uniformity of the measurement field. In addition correlations of the uncertainties are taken into account, when the uncertainty of the AM1.5-weighted integral is calculated [10] . The different uncertainty components are listed in Table 1 . The uncertainty analysis results in a standard uncertainty of 0.2% for typical reference solar cells with WPVS design. Because the uniformity of a 156 Â 156 mm 2 radiation field is not as good as that of a 20 Â 20 mm 2 field and because the measurement with the 10 A amplifier has higher uncertainty components than the 200 mA version, the standard uncertainty of a 156 Â 156 mm 2 solar cell is about 0.25% to 0.3%.
Conclusion
By using a tunable laser, the irradiance increased by a factor of 100-10,000 compared to the monochromatorbased facility. With the realization of this flexible new concept of a Laser-based solar cell calibration setup, PTB meets the needs of the PV industry concerning a significant reduction of measurement uncertainties and the extension of the measurement capabilities to new types of reference solar cells as well as many other types of radiometric and photometric detectors. The results of some characterizations and of the first calibrations are shown. The uncertainty of 20 Â 20 mm 2 solar cells could be reduced from 0.5% to 0.4% (k = 2) and for 156 Â 156 mm 2 solar cells from 1.5% to 0.6% (k = 2). A further reduction of the uncertainty is envisaged. In addition, the laser-DSR facility will enable precise characterizations of solar cells, due to the possibility of measuring the spectral responsivity of 156 Â 156 mm 2 large solar cells between À70°C and +180°C and at any incident angle of the radiation by the inclusion of a climate chamber and a solar cell goniometer at the end of the optical path. 
